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ABSTRACT: Carbon nanotubes (CNTs) are found to inhibit the free-radical cross-linking of vinyl-terminated polydimethylsiloxane

(PDMS) by trapping the free radicals in a CNT/PDMS composite. The cross-linking density values measured by swelling test, equilib-

rium stress-strain test, glass-transition temperature and Raman spectroscopy all decrease with the addition of CNTs. The inhibition

effect is shown to be more significant with increased functionality and curvature in the CNTs used. VC 2014 Wiley Periodicals, Inc. J. Appl.

Polym. Sci. 2014, 131, 40355.
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INTRODUCTION

Since their discovery in 1991, carbon nanotubes (CNTs) have

attracted great interest from various fields, the most promising

of which is the field of CNT/polymer composites. The excep-

tional physical and chemical properties of CNTs make them

ideal candidates for advanced filler materials in composites. For

example, their high electrical conductivity and high aspect ratio

can greatly decrease the percolation threshold of conductive

plastics.1 Their massive thermal conductivity may also be

exploited to create thermally conductive composites.2 In addi-

tion, their low density, superior Young’s modulus,3 and tensile

strength4 can dramatically enhance the mechanical properties of

CNT-reinforced composites.

The prerequisite to preparing a CNT/polymer composite for

these applications is that the CNTs do not interfere with the

polymerization or cross-linking of the polymer matrix. For

many years, this was simply assumed to be the case, given the

graphitic nature of CNTs.5 However, further studies on CNTs

determined that they were not always inert. With a large area of

sp2-hybridized structure and a high electron affinity, CNTs

actually exhibit strong reactivity towards free radicals. This

unique property has since been used in side-wall functionaliza-

tion of CNTs,6–9 elongation of polymer lifetime as free-radical

trapping agents,10 and antioxidant treatment for pathologies.11

Yet, it is not clear whether this reaction between CNTs and free

radicals may affect free-radical cross-linking. The present study

is aimed at understanding how the structure of CNTs could

affect free-radical cross-linking in a CNT/polymer composite. A

composite of multiwalled CNTs (MWCNTs) and vinyl-

terminated polydimethylsiloxane (PDMS) is used as a model

compound.

EXPERIMENTAL

Materials

Two types of MWCNTs were obtained from Chengdu Organic

Chemistry, China. Both types were 10–20 mm long and had

purity above 95%. CNT-A had a diameter of 8–15 nm, whereas

CNT-B had a diameter of more than 50 nm. Graphite 230U

was donated by Asbury Carbons. WackerVR V-20000 (average

molecular weight: 48,000; vinyl content: 1.3%) was used as

the PDMS matrix with dicumyl peroxide as the cross-linking

initiator. Unless otherwise mentioned, the CNTs in CNT/PDMS

composites were used as received, without any additional purifi-

cation processes. HNO3 treatment of CNTs was performed by

mixing 5 g CNTs with a 250 mL 35% HNO3 solution and

refluxed for different time at 100oC. The obtained mixture was

filtered and washed with deionized water. The treated CNTs

were then dried under vacuum for 20 hours at 70oC and

denoted as HNO3-CNTs.

Additional Supporting Information may be found in the online version of this article.
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Cross-Linking of PDMS and CNT/PDMS Composites

To prepare the CNT/PDMS composite, 2 g of PDMS and 0.03 g

of dicumyl peroxide were first dissolved together in 20 mL tolu-

ene, while the CNTs were dispersed in toluene (8 mg/mL) by

ultra-sonication (Aquasonic 75HT) for 1 hour. The CNT disper-

sion was then poured into the PDMS and mixed by ultra-

sonication for an additional 3 hours. The homogenous mixture

was then cast in a petri dish and dried under a fume hood for

24 hours. The resulting dry film was pressed into a Teflon mold

and cross-linked at 150oC for 1 hour under 1.6 MPa pressure.

Pure PDMS matrices were cross-linked under an identical pro-

cedure to the filled composites.

Characterization

Tensile strength and Young’s modulus were measured using a

typical tensile test setup (Instron microtester 5548). Samples

were cut into a dumb-bell shape (28.75 mm 3 4.75 mm, nar-

row portion 8.25 mm 3 1.5 mm). The testing speed was set at

50 mm/min. The same setup was also used to measure the

cross-linking density; however, a smaller extension rate of 10

mm/min was used to guarantee that the deformation reached

equilibrium at any instant of the extension.

Swelling tests were performed by immersing 20 mm 3 5 mm

3 2 mm rectangular pieces of PDMS or CNT/PDMS compo-

sites in toluene for 5 days to allow thermodynamic equilibrium

to be reached. The samples were then taken out of the solvent

and placed in the fume hood for 10 days to dry. The weight

and dimensions before swelling, after swelling, and after solvent

evaporation were measured.

The glass transition temperature of cross-linked CNT/PDMS

and pure PDMS was measured by dynamic mechanical analyzer

(DMA, TA instrument 2890) using the film-tension mold.

A 5 mm 3 3 mm 3 2 mm film was initially cooled to 2150oC

using the liquid nitrogen cooling system, and then heated to

room temperature at a rate of 5oC/min. The sample was oscil-

lated at a constant frequency of 10 Hz with amplitude of

20 lm. The DMA Tg is determined to be the intersection of two

tangent lines from the storage modulus curve.

Raman spectra of CNTs in the composites were obtained by a

LabRAM ARAMIS Raman confocal microscope (HORIBA Jobin

Yvon) equipped with a 532 nm diode-pumped solid state (DPSS)

laser. Si wafer was used as a substrate.

The X-ray photoelectron spectroscopy (XPS) of CNTs was car-

ried out with a Thermo K-Alpha XPS.

RESULTS AND DISCUSSION

Free-radical reaction is the oldest and one of the most widely

used schemes in preparing PDMS elastomers. Vinyl-terminated

PDMS can be cross-linked with a peroxide-based initiator at

elevated temperature via free-radical reaction according to the

reaction shown in Figure 1. The peroxide initiator decomposes

and generates free radicals that can react with vinyl groups and

initiate the cross-linking.

Carbon-based reinforcements are often added to elastomers to

improve their mechanical properties. CNTs are reported to be

more efficient reinforcement than conventional fillers, because

of their high aspect ratio and intrinsic mechanical robustness.12

Young’s modulus and tensile strength of a CNT/PDMS compos-

ite usually increases with increasing loading of CNTs. For CNT-

B, it is indeed this case [Figure 2(b)]. The tensile strength and

Young’s modulus increase by 1.5 times and 2.5 times, respec-

tively, when increasing the CNT loading from 1 to 20 wt %.

However, for the CNT-A/PDMS composite, a totally opposite

Figure 1. Cross-linking mechanism of vinyl-terminated PDMS through free–radical reaction.
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trend is observed [Figure 2(a)]; the tensile strength and Young’s

modulus decrease with increasing CNT loading. This leads to

an investigation into the possible adverse effects of CNT-A on

the cross-linking of PDMS.

The cross-linking density of CNT-A/PDMS composites is meas-

ured by swelling test, equilibrium stress–strain test, glass transi-

tion temperature measurement and Raman spectroscopy. In a

swelling test, CNT-A/PDMS composite samples are immersed in

toluene. The samples absorb toluene and swell, until an equilib-

rium between the thermodynamic tendency to swell and the

retractive forces from the cross-linked network is reached. The

cross-linking density can be calculated from the swelling phe-

nomenon by Flory-Rehner equation13

N52
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2Vs

ln 12Vrð Þ1Vr1vVr
2

Vr
1=32Vr=2

(1)

where N is the moles of effective cross-links in a unit volume; Vs

and Vr represent the molar volume of toluene and the volume

fraction of PDMS in the swollen gel, respectively. v is the poly-

mer–solvent interaction parameter. For PDMS and toluene, v is

0.465 and the molar volume of toluene Vs is 106.29 mL/mol.14

With CNT fillers, the volume fraction of PDMS in swollen gel is

given by (derivation details in supporting information)
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where I is the initial weight, S is the swollen weight, F is the

final dry weight, Sp is the initial specific volume of the compos-

ite, Se is the specific volume of the extract, Ss is the specific vol-

ume of toluene solvent, and u is the volume fraction of the

filler.15 The effective cross-linking density of CNT-A/PDMS

composites with different CNT loadings is calculated according

to eqs. (1) and (2) and the results are shown in Figure 3(a).

In cases where the fillers do not affect the curing process, the

measured cross-linking density of the composite will be slightly

higher than that of the pure resin. This can be explained by sev-

eral mechanisms: (1) the fillers can pose steric hindrance to

polymer chain movement during swelling; (2) the physical

interaction between the fillers and matrix contributes to the

total retraction force of the polymer network16; and (3) the

polymer chain and fillers (especially CNTs) form physical entan-

glements that restrict the swelling displacement.17 However, as

shown in Figure 3(a), the effective cross-linking density of the

composites decreases with an increase in the amount of filler.

Even with 0.5 wt % CNT-A, the cross-linking density decreases

1/3 from 90 to 59 mol/m3. When the CNTs’ concentration

increases further to 10 wt %, the cross-linking density drops to

26 mol/m3, 1/3 of the original value. This dramatic decrease in

the cross-linking density indicates that the carbon fillers may have

a negative role on the cross-linking process of a PDMS resin.

Equilibrium stress–strain measurement is another way to deter-

mine the cross-linking density from the Mooney-Rivlin equation:

r

2ðk2k22Þ
5C11

C2

k
(3)

where r and k represent the engineering stress and the exten-

sion ratio, respectively.13 C1 and C2 are two elastic constants. C1

is proportional to the effective cross-linking density Nc given by

C15Nc RT (4)

where R is the gas constant and T is temperature. Thus a plot

of r/(2(k 2 k22)) versus 1/k can be used to determine the con-

stant C1 and thus the cross-linking density. To guarantee that

the deformation is reaching equilibrium at any instant, a small

extension rate of 10 mm/min was used in tensile tests, and only

the data approaching the break point was analyzed. The results

are shown in Figure 3(b). The values of the cross-linking den-

sity from stress–strain measurements are quite consistent with

those from the swelling test. The cross-linking density drops 1/3

with 0.5 wt % CNT-A, then stays relatively stable from 0.5 to 5

wt % CNTs, likely as a result of a trade-off between an increase

in physical entanglement and the loss of chemical cross-links.

When the CNT loading is above 5 wt %, the cross-linking den-

sity continues to drop to 33 and 6 mol/m3 for 10 wt % loading

and 20 wt % loading, respectively.

The glass transition temperature (Tg) can be used as an indica-

tor of the cross-linking density, where elastomers with higher

Figure 2. Tensile stress–strain curves of: (a) CNT-A/PDMS composites and (b) CNT-B/PDMS composites with various CNT loadings. The concentration

of CNTs refers to weight percentage, which is used throughout the whole text. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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cross-linking density usually have a higher Tg. Here, Tg of CNT/

PDMS composites with different concentrations were measured

by DMA and the result is shown in Figure 3(c). For pure

PDMS, it has a Tg of 2108oC, but with adding CNT-A into the

composite, the Tg decreases monotonically with increasing the

CNT-A concentration. Tg decreases to 2110oC, 2118 oC, and

2121oC after adding 5 wt.%, 10 wt.%, and 20 wt.% of CNT-A,

respectively. The decrease in Tg suggests a decreased cross-

linking density after adding CNT-A, which is consistent with

results shown in Figure 3(a,b).

Raman spectroscopy has also been used to characterize the

cross-linking in CNT/polymer composites. The second-order

overtone of the D band, the D* band, is very sensitive to any

perturbation in the load transfer at the interface between the

CNTs and the polymer matrix.18,19 Zhao et al. took advantage

of the Raman shift induced by polymer contraction in the

cross-linking process and found a positive correlation between

the D* band up-shift and the cross-linking density.18 For this

study, the D* shifts of the CNT-A/PDMS composites of differ-

ent filler loadings were compared [Figure 3(d), Raman spectra

shown in supporting information]. A filler loading as low as

2 wt % will lead to a 22 cm21 up-shift of the D* band, resulting

from the contraction of the PDMS matrix after cross-linking,

which imposes a compression force to the individual CNT. How-

ever, with the increasing CNT concentration, we observed a

down-shift of D* band rather than an up-shift, indicating that

the cross-linking density actually decreases with more CNTs.

All the above results suggest that CNTs may adversely affect the

free-radical cross-linking process of the PDMS matrix. This

result is not surprising considering fullerenes have also been

reported to retard the free-radical polymerization reaction of

methyl methacrylate, styrene, vinyl acetate, etc.20–22 The retarda-

tion was attributed to fullerene’s strong electron affinity of

approximately 2.65 eV, and to its ability to accommodate free

radicals by forming stable radical adducts.23,24

With a similar sp2-hybridized structure and even stronger elec-

tron affinity than fullerene,25 CNTs are expected to show a

similar spin-trapping capability. As early as 2003, Watts et al.

proposed that CNTs could act as antioxidants, i.e. radical-

trapping agents, to retard the aging of polystyrene, polyethyl-

ene, polypropylene and poly(vinylidene fluoride).10 In addition,

intensive studies have been conducted to modify the CNTs’ sur-

face using free radicals.6–9 Researchers make use of the addition

reaction of free radicals with CNT double bonds to graft vari-

ous functional groups to the CNTs. These radicals include alkyl

radicals and peroxide radicals, indicating that CNTs can accept

a wide range of radicals. The PDMS in this study is cross-

linked via a free-radical reaction. Therefore, it is reasonable to

assume that the decreased cross-linking density of PDMS

results from the trapping of free radicals by CNT-A during

curing.

However, only some CNTs (such as CNT-A in Figure 2) dem-

onstrate this effect, whereas others (such as CNT-B) do not.

Figure 3. Effective cross-linking densities of CNT-A/PDMS composites with different filler loadings determined by (a) swelling test, (b) equilibrium

stress–strain measurements. (c) Glass transition temperature of the CNT-A/PDMS composites as a function of CNT concentration. (d) D* wavenumber

in Raman spectra of CNTs in CNT-A/PDMS composites.
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This raises the question, what structural characteristics in CNTs

determine their reactivity towards free radicals?

One possible determining factor is the functionality of CNTs.

CNTs contain functional groups either from the synthesis and/

or the purification processes. It has been reported that the func-

tional groups, especially hydroxyl and carboxyl groups, increase

the free-radical trapping activity with respect to pristine

CNTs.26,27 To demonstrate that the functionality in CNTs may

increase the reactivity towards free radicals and decrease the

cross-linking density of PDMS, CNT-A was treated with HNO3

at 100�C for different durations (10, 30, and 120 mins). The

XPS results (Table I) show that longer acid treatment time does

introduce more oxygen content, i.e. functional groups in CNTs.

The effect of the amount of functional groups is evident (Figure 4).

The cross-linking density decreased dramatically with increasing

the acid treatment time. The cross-linking density also decreases

with increasing CNT concentration. That is, the cross-linking

density is strongly dependent on the total amount of functional

groups in the CNTs. For CNTs treated longer than 30 min, the

CNT/PDMS cannot cure, even at a low CNT loading of 5 wt %

(the composites completely dissolved in toluene during the

swelling test). Therefore, functional groups on the CNT surfaces

can significantly hinder the free-radical cross-linking of a PDMS

matrix. When preparing CNT/polymer composites, over-

functionalizing CNTs during purification should be avoided if

they are to be used in polymer matrices that are cured by free-

radical reactions.

Another possible determining factor is the curvature of the

CNTs.28 Peng et al. observed less reactivity of the CNTs with

free radicals than that of fullerenes, which was attributed to the

smaller curvature of CNT sidewalls built from graphene cylin-

ders.8 In one study of cyclopolyenes, a high curvature was

found to lead to the stabilization of the Lowest Unoccupied

Molecular Orbital (LUMO) and an increase in electron affin-

ity.29 If we regard CNTs as large-area cyclopolyenes, increasing

the curvature of the graphene sheet in the CNTs will increase

the electron affinity and hence increase the addition reaction

rate. In addition, during the study of fullerene’s reaction with

benzyl radicals, it was found that the curved surface of fuller-

enes may facilitate the bulky benzyl groups in shielding and sta-

bilizing the radicals.28 In the present study, three fillers with

different curvatures were investigated. CNT-A with a diameter

of 8–15 nm represents the highest curvature; CNT-B with a

diameter of more than 50 nm represents the medium-curvature;

and graphite represents the lowest, i.e. zero curvature. The

cross-linking densities calculated by the swelling tests and

stress-strain measurements of PDMS composites with these

three fillers are shown in Figure 5. As theorized, CNT-A demon-

strates the highest reactivity to trap the free radicals and

decrease the cross-linking density of PDMS. Graphite has little

influence on the cross-linking density due to its zero curvature.

CNT-B/PDMS composites show increased cross-linking density

when the filler loading increases, indicating that large-diameter

CNTs have little effect on the curing of PDMS and the “physical

entanglement” between PDMS chains and CNT-B increases the

total cross-linking density. Note that the comparison is predi-

cated on the assumption that all parameters other than the

diameter are the same for the three fillers. However, in real

cases, the functionality cannot be so precisely controlled. XPS

results show that CNT-B has a C/O ratio of 24.71 while CNT-A

has a C/O ratio of 39.16, indicating that CNT-B may contain

more functional groups than CNT-A does. As CNT-A still

shows a more significant reactivity towards free radicals, the

determining factor here may be the curvature of CNTs.

CONCLUSIONS

In conclusion, this study found that CNTs inhibit the free–radi-

cal cross-linking of PDMS in a CNT/PDMS composite. The

Table I. Carbon/Oxygen Atomic Ratio of CNTs Measured by XPS

Treatment time (mins) C/O

CNT-A 39.16

CNT-B 24.71

CNT-A, HNO3-10 min 35.10

CNT-A, HNO3-30 min 22.53

CNT-A, HNO3-120 min 4.99

Figure 4. Effective cross-linking densities of CNT-A/PDMS composites determined by (a) swelling test and (b) equilibrium stress–strain measurements.

The CNT-A is treated with HNO3 at different durations. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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inhibition effect is more significant for CNTs with more func-

tional groups and smaller diameters.
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